Temperature and size effects on the behavior of nanoscale water molecule clusters are investigated by molecular dynamics simulations. The flexible three-centered (F3C) water potential is used to model the inter-and intramolecular interactions of the water molecule. The differences between the structural properties for the surface region and those for the interior region of the cluster are also investigated. It is found that as the temperature rises, the average number of hydrogen bonds per water molecule decreases, but the ratio of surface water molecules increases. After comparing the water densities in interior regions and the average number of hydrogen bonds in those regions, we find there is no apparent size effect on water molecules in the interior region, whereas the size of the water cluster has a significant influence on the behavior of water molecules at the surface region.
Introduction
Besides its obvious significance to our life, water also exhibits many interesting and anomalous features in its physical and chemical properties. As a result, water usually plays an important role in chemical, physical, biological, and medical research areas. Although the properties of water have been examined by experimental methods, 1-3 theoretical approaches, [4] [5] [6] and computer simulations, 7-9 the structural properties of water are not yet well understood, especially the temperature and size effects on the properties.
In recent years, the problems concerning the temperature and size dependence of the physical properties of water have attracted much attention. Because of the complexity of the problems, there is still no well-established theory to deal with them, and computer simulation, such as the molecular dynamics (MD) method, seems to be an efficient approach. Some recent research efforts have focused upon the use of the MD method, [10] [11] [12] [13] [14] [15] where different water models were invoked to study the temperature and size dependence of various properties of water. For example, rigid water models (e.g., SPC/E, TIP3P, or TIP4P) were used to explore the temperature and size effects on the structural, [10] [11] [12] dynamical, [11] [12] [13] or dielectric 14 properties of water. Levitt et al. 15 employed a flexible three-centered (F3C) water model for the investigation of structural and dynamical properties of water and obtained results which were well in agreement with experimental observations for different temperature and system sizes.
Although there were some advances made regarding the temperature and size effects on the structural properties of a water cluster, research concerning the near surface structural properties of water clusters was rarely considered. This problem is of significant importance for investigating the surface behavior of water clusters, such as the local structure and the surface tension of water droplets. 8 Because of its potential in such applications as ink-jet printers 16 and surface wetting, 17 the topic of near surface structural properties of water clusters is worthy of examination.
In this paper we adopt the flexible three-centered (F3C) water model proposed by Levitt et al. 15 for the investigation of temperature and size effects on the properties of nanoscale water clusters. Because this model takes account of the flexible bonds and angles in the water molecules as compared with the rigid bonds and angles in the rigid models (e.g., SPC/E, TIP3P, or TIP4P), it not only accurately reflects the water structure detected by X-ray and neutron diffraction, but also yields values of the structural and dynamical properties which are in good agreement with those determined experimentally. 15 Table 2 in  ref 15 , which gave the comparison of properties calculated from the F3C model and other water models with experimental data, provides evidence for the above comment. Furthermore, since no periodical boundary conditions have been employed, the F3C model applies well for the small water droplets of the present study. A further advantage of this flexible water model is that it employs a short-range truncation, which largely reduces the necessary computational effort, and hence permits an MD simulation with a greater number of water molecules and/or with longer simulation duration. To examine the temperature and size effects, spherical water clusters of different sizes at various temperatures are analyzed and then hydrogen bond properties as well as the radial distribution functions of the water clusters are investigated in the present study. Moreover, the structural properties for the surface region are compared with those for the interior region.
Simulation Model
In the present research the flexible three-centered (F3C) water potential 15 The van der Waals potential, U vdw , is used to model the intermolecular energy of the water molecules. For nonbonded pairs i and j in the water cluster with an interatomic distance r ij , the van der Waals potential is expressed as where the parameter A sc is used to compensate for the interaction lost for small cutoff distances and has a value determined by the cutoff distance specified in the F3C model. In the present study, this cutoff distance is specified as 10 Å and the value of A sc is assumed to be 1.0. The energy parameter ij , the distance parameter r 0 ij , and the truncation shift function S vdw for the van der Waals potential can be obtained from ref 15 . We also carried out a convergence test with different cutoff radii of 6, 7, 8, 9, and 10 Å. The variation of the number of hydrogen bonds per surface water molecule is less than 3% when different cutoff radii are used. Consequently, the values of different cutoff radii used in our simulation model have no influence on the results in the current study.
The electrostatic potential, U els , for atoms i and j in the water molecule with an interatomic distance r ij is expressed as where q i and q j represent the partial charges of the oxygen or hydrogen atoms of two water molecules within the cutoff distance. The truncation shift function S els for the electrostatic potential can also be found in ref 15 . The summations in eqs 4 and 5 are executed over all nonbonded pairs i and j closer than the cutoff distance. All parameters in the F3C water potential are listed in Table 1 .
For the investigation of temperature and size effects on the molecular behavior of water clusters, a spherical water model, as shown in Figure 1 18, 19 The velocity Verlet's algorithm is then employed for time integration of Newton's equations of motion to obtain the new velocities and positions of each atom. 18, 19 A time step equal to 10 -15 s (1 fs) is used for time integration. After 5000 initial iterations for system equilibrium, the temperature was increased gradually and the simulations were iterated until the system reached the desired temperature. At this temperature, the simulations continued until equilibrium in energy had been reached. For the present cases, the equilibrium was accomplished in 10 ps. After the equilibrium check, the simulations were carried out for a further 50 ps and the time averages of simulation results for the last 20 ps were used for the investigation of water molecular properties of the clusters.
Results and Discussion
To demonstrate the validity of the present simulation, certain results determined from the present model are compared with previous works. Figure 2 displays the oxygen density profiles calculated from the present F3C model for a water cluster at room temperature (300 K) with size N ) 125, 256, and 512. The oxygen density in the central region of the clusters is found to fluctuate about 0.0337 Å -3 , which is very close to the bulk density (33.46 × 10 -3 Å -3 ) for oxygen atoms in liquid water 
at room temperature and the value obtained from TIP4P clusters. 23 Moreover, peak and valley values of the O-O radial distribution function determined from the present simulation for a water cluster with N ) 803 at room temperature are also very close to those values in Table 2 of ref 15 . Panels a and b of Figure 3 present the local density distributions of water molecules from the mass center of water clusters at different temperatures for the smallest and largest water clusters, respectively. The density distribution fluctuation is more apparent from the mass center to 8 Å because there are relatively fewer water molecules in this region which have been sampled to calculate the local density on time average. As the distance becomes larger than 8 Å, the density profiles fluctuate less, and then start to drop significantly after a specific distance in both the smallest and the largest cases. For convenience in investigating the respective behaviors of interior and surface water molecules of the water cluster, this specific distance R c is used to divide water molecules of the cluster into the interior region and the surface region. The specific distance R c , as labeled in Figure 3 for the highest temperatures, is defined as the point where the local density starts to gradually decrease to zero. Clearly, the interior water molecules distribute inside a close spherical space with a radius of R c and the surface water molecules arrange upon the outside surface of this spherical space. It is obvious from Figure 2 that variation of the local density for the surface water molecules is much larger than that for the interior water molecules. The difference between the behavior of the interior water molecules and that of the surface water molecules is the main concern of the current study. This is the reason R c is so defined rather than the equimolar dividing surface or the "90-10" rule, for example. Figure 4 shows the variation of interior water densities and the average number of H-bonds per interior water molecule, n HB , at different temperatures. In determining the value of n HB , the present study adopts the geometric criterion 20 that a hydrogen bond will be formed if the distances between two oxygen atoms and the oxygen and hydrogen atoms of a pair of water molecules are less than the first minimum 21 of the F3C O-O radial distribution function (3.4 Å) and the F3C O-H radial distribution (2.4 Å). 21 In addition, this study specifies that the angle between the O-O and O-H vector directions must be less than 30°. Because the local density fluctuation is more apparent in the interior region, the interior density is defined as the ratio of the number of total water molecules in the interior region divided by the spherical volume with radius R c on time average. At higher temperatures, a single water molecule will possess higher kinetic energy and counteract more attractive energy including the hydrogen bonding and van der Waals interaction between water molecules, resulting in the increase of the average distance between two water molecules. This also leads to the decrease of the interior density and n HB . As is observable in Figure 4 , it is clearly evident that the interior density and n HB are independent of the cluster size. In previous studies, 22 ,23 the orientation of water molecules in a nanocluster was observed by monitoring the variation of the dipole moment orientation against the distance from the cluster center. The authors concluded the dipole moment of interior water molecules orientated randomly, as in the bulk water. Since the orientation of bulk water still remains random, there is no size effect in the interior region. Consequently, the variation of interior densities and n HB at different temperatures for different cluster sizes is almost the same.
The value of n HB for a surface water molecule is shown in Figure 5 . This value is smaller than that of the interior molecules shown in Figure 4 . An interior water molecule stays in the interior portion of a closed spherical volume and is surrounded by its neighbor water molecules with the same probability in all directions. However, for a surface water molecule, there are fewer neighbor water molecules in the outer radial direction of the reference water molecule because the density of surface water in the outer region is decreasing toward zero as shown in Figure 3 . Consequently, a surface molecule has fewer opportunities to form a hydrogen bond with a water molecule in the outer shell than an interior molecule, resulting in a lower average number of hydrogen bonds than for the interior water molecules. Hydrogen bonding is the main reason water has particular material properties such as higher melting and boiling points than other nonpolar molecules. This hydrogen bonding is also responsible for surface tension that arises from the intermolecular attractive forces at the water surface. Since the strength of a hydrogen bond is 10 to 100 times higher than that of van der Waals energy, the hydrogen bonding that forms between surface water molecules is responsible for the surface tension. In Figure 5 , the average number of hydrogen bonds for a larger cluster is larger than the average number for a smaller water cluster at the same temperature. This also means the average intermolecular attractive energy at the surface for a larger size cluster is higher, leading to a higher surface tension at the surface. The current result is also in agreement with previous studies. 23 As regards the effect of temperature, the average number of hydrogen bonds decreases with the temperature. The lower average number of hydrogen bonds also leads to the reduction in surface tension, a tendency also investigated in bulk water. From a microscopic viewpoint, higher temperature indicates that a molecule possesses more kinetic energy to overcome the attractive energy by hydrogen bonding between surface water molecules, resulting in a lower surface tension.
A further investigation about the ratio of surface molecules in a water cluster of different sizes and at different temperatures is shown in Figure 6 . The vertical axis represents the ratio of surface water molecules to all water molecules in a water nanocluster, and this value is used to examine the variation of the surface molecule ratio with the cluster size at different temperatures. For a smaller size cluster, the ratio of surface molecules is higher, and the ratio becomes smaller in a larger water cluster. Similar results are also found in other nanoclusters, 24 which reveal that the surface-volume ratio continuously increases as the nanocluster size decreases. From the observation of Figure  5 and Figure 6 , for the larger size cluster at each temperature, the average number of hydrogen surface water molecules is higher while the ratio of surface molecules is lower. Consequently, the internal energy will increase with the cluster size. 22 To investigate the distribution of surface water molecules, radial distribution functions (RDF) of O-H and O-O pairs for the smallest and largest cases at 273, 300, and 320 K are shown in Figure 7 , panels a and b, respectively, where the radial distribution functions are properly normalized to make them approach unity at large R. The oxygen atoms of the surface water molecules are referred to as the reference atoms in all RDF profiles. The upper and lower panels in Figure 7 show the O-H and O-O radial distribution profiles of surface water molecules, respectively. The dashed lines connecting upper and lower panels are used to indicate the distribution of hydrogen and oxygen atoms relative to the referenced oxygen atoms. For both the smallest and largest water clusters, there are two prominent peaks for O-H RDF profiles and one O-O peak apparent between the O-H RDF peaks. The first O-H RDF peak arises from the hydrogen bond between the reference oxygen atom and the hydrogen atoms covalently bonded to the oxygen atoms which are arranged within the O-O RDF peak. The oxygen atoms distributed within the O-O RDF peak also cause the hydrogen atom distribution of the second O-H RDF peak. In Figure 7 , the values of all RDF peaks decrease with the cluster temperatures, which indicates that the number of neighbor atoms for surface oxygen atoms decreases as the temperature increases. At a higher temperature, the kinetic energy of a water molecule has more ability to overcome the hydrogen bonding and reduce the average number of hydrogen bonds for surface water molecules, as shown in Figure 5 . With a close inspection of the first O-H peak values at different temperatures, it is clear that the variation of the first O-H peak for a smaller water cluster is more sensitive to temperature than that of the larger cluster, reflecting that the variation of the average number of hydrogen bonds per surface water molecule is more sensitive to temperature, as shown in Figure 5 . The distribution of hydrogen atoms within the first O-H RDF peak has an influence on the distribution of the first neighbor oxygen atoms within the O-O RDF peak, and the distribution of these oxygen atoms has a further influence on the distribution of the hydrogen atoms within the second O-H RDF peak. Consequently, the variation of the first O-H peak of a larger size cluster at different temperatures is not as apparent as the variation of a smaller cluster, so the distributions of first neighbor oxygen atoms and second hydrogen atoms are not as sensitive to the variation of temperature as for a smaller cluster. This can be attributed to the average number of hydrogen bonds per surface water molecule in different size clusters. The average number of hydrogen bonds for a larger size cluster is higher and this means a surface water molecule of a larger cluster bonds more strongly with neighbor molecules than the surface water molecule of a smaller cluster does. More kinetic energy is needed to change the surface molecular arrangement in a larger water cluster.
Conclusions
The influences of water cluster size and temperature on the behavior of water molecules in a water cluster are investigated by molecular dynamics simulation. Each water nanocluster can be divided into two regions according to the variation of the local density profile. The region where water molecules behave as bulk water is in the interior portion of the water cluster, which is termed the interior region. Since water molecules in the interior region still keep random orientation, there is no size effect on the arrangement of water molecules within this region. However, for water molecules outside the interior region, the size of the water cluster has an influence on the distribution of water molecules. For a larger size cluster, a surface water molecule has a higher average number of hydrogen bonds, leading to a higher surface tension. Considering a smaller water cluster, however, there are fewer hydrogen bonds forming between surface water molecules, which results in a lower surface tension. It is found that as the temperature rises, the average number of hydrogen bonds formed per water molecule decreases in both regions but the ratio of surface molecules in a water cluster increases. The dynamic behavior of a water molecule is directly influenced by the environment where the water molecule resides. For example, the dynamic properties of water molecules for bulk water are different from those of water molecules interacting with particular molecules 25 or in a confined space. 26 Consequently, the study on the dynamic behavior of surface water molecules is an interesting topic and worthy of further investigation.
